An amperometric immunosensor was constructed by dispersing graphite, schistosoma-japonicum antigen (SjAg) and silica sol-gel at low temperature. The performance characteristics of the prepared immunosensor were examined in the buffered solution of o-aminophenol (o-AP) used as a substrate. It exhibited excellent physical and electrochemical stability with a renewable external surface. A competitive binding assay was employed to determine schistosomajaponicum antibody (SjAb) with the aid of horseradish peroxidase labeled SjAb (HRP-SjAb). The experimental parameters for SjAb assay were optimized, including the amount of labeled SjAb in incubation solution, incubation time, temperature and the pH of solution. The use of o-AP substrate and amperometric detection at -250 mV (vs. SCE) results in a determination limit of 0.32 µg/ml and a linear range extending up to 0.18 µg/ml. The results of SjAb assay in serum samples demonstrate the feasibility of using the proposed immunosensor for clinical analysis.
Introduction
Schistosomaisis is a wide spreading parasitic diseases threatening the health of human beings and some kinds of animals; it is mainly disseminated in some parts of Africa, Asia and Latin America. 1 A sensitive and simple detection of schistosomaisis diagnosis is essential in clinical analysis. Different approaches, such as cyclic ovum precipitation test (COPT), indirect hemagglutination (IH), electrophoretic immunoassays (EI), enzyme-linked immunosorbent assay (ELISA), radio immunoassays (RIA), dot-immunobinding assays (DIBA) and indirect fluorescent antibody test (IFAT) have been employed in clinical analysis. 2, 3 However, some of these procedures are rather time-consuming or requiring highly skilled personnel, and others depend on sophisticated instrumentation or may cause radioactive contamination. So far, most of the procedures are applied to qualitative and semiquantitative analysis for schistosomaisis diagnosis. It has been estimated that about 10% of the infected samples may escape this screening test. Searching for new, simple and sensitive diagnostic methods with real-time output and low cost is of considerable interest.
Biosensors which provide simple and robust tools for schistosomaisis assay have attracted the attention of researchers. Piezoelectric immunosensors were employed for qualitative and quantitative analysis for SjAb determination. 4 In recent years, the research interest has been directed towards electrochemical immunoenzymatic techniques for combining the high specificity of an antigen-antibody binding with the chemical amplification of an enzyme-substrate reaction. 5 Many enzymes could be used, including glucose oxidase, 6 alkaline phosphatase 7 and horseradish peroxidase, 8 to name just a few. A key step in developing a biosensor is the immobilization of the sensing agent. 9 Methacrylate, 10 epoxy, 11 and paraffin 12 have been used as the matrix material to prepare an immunosensor. These materials used for immobilization were mostly organic polymers. Dipping them into a solvent might cause a swelling effect accompanied with a shift of response signal. The silica sol-gel technology provides a host matrix for biosensor preparation with the immobilized biomolecules retaining their functional characteristics to a large extent. 13, 14 The sol-gel technology has the characteristic features of low-temperature encapsulation of biorecognition elements, mechanical rigidity, negligible swelling in solvent and low chemical reactivity. Solgel technology has been reported to be used for encapsulating proteins, 15 enzymes, 16 20 It is interesting to investigate the possibility of preparing electrochemical biosensors based on the silica solgel entrapment of schistosoma-japonicum antigen.
In this work, the construction of an electrochemical biosensor based on silica sol-gel technology is proposed for the determination of schistosoma-japonicum antibody (SjAb). A biocomposite was prepared by dispersion of schistosomajaponicum antigen (SjAg), graphite powder and sol-gel at low temperature. The prepared immunosensor is rigid and porous with a renewable external surface.
The performance characteristics of the immunosensor were examined. It exhibits satisfactory physical and chemical stability, low background current, a wide working potential range, and a relatively long lifetime. The experimental conditions of SjAb determination were studied and optimized. The determination of SjAb using the prepared silica sol-gel-graphite-SjAg immunosensor was carried out by the competitive binding assay with HRP-labeled SjAb. 
Experimental

Apparatus
Amperometric measurements and cyclic voltammetric experiments were performed with microcomputer-controlled Electrochemical Analyzer (Lanlike Chemical Electronic Co., Tianjin) and polarographic analyzer (Jiansu Electroanalytical Instruments, Jiansu) connected with the data acquisition and storage interface supplied by Zheng-Fang Electronics (Shanghai).
A three-electrode cell, consisting of an immunosensor as the working electrode, a saturated calomel reference electrode (SCE) and a platinum plate auxiliary electrode, was employed. The cell with a stirrer bar was placed on magnetic stirrer. A Model CSS501 thermostat (Chongqing) was employed to control the incubating temperature. All amperometric measurements were performed at room temperature.
Reagents
A 32 kDa molecular antigen of schistosoma-japonicum from adult worm antigen (AWA) was isolated and purified to homogeneity according to the reported method. 21 The concentration of SjAg was 4.5 mg/ml. The SjAb used in the calibration procedure was prepared by immunizing rabbits for 45 days with schistosoma-japonicum 2500. 1 The antibody in the infected rabbit serum was isolated by precipitation from saturated ammonium sulfate solution and purified as described in the literature. 23 The actual concentration of stock SjAb solution (0.45 mg/ml) was determined by using ELISA method. 24 
Preparation of HRP-SjAb
The conjugation was carried out according to a modification of the reported method. 21 The HRP (5 mg) dissolved in 0.5 ml of 0.2 M acetate buffer at pH 5.6 was mixed with 0.25 ml of 0.1 M NaIO4 and incubated for 30 min at 4˚C. Glycol (0.5 ml, 2.5% v/v) was added to the solution; this mixture was incubated for an additional 30 min at room temperature. SjAb (5 mg) was added and the solution pH was adjusted to 9.0 with a sodium carbonate buffer. The resulting solution was allowed to stand overnight at 4˚C. NaHB4 (0.1 ml of 5 mg/ml solution) was slowly added and this mixture was left to incubate for 2 h at 4˚C. The resulting solution was dialyzed against 0.1 M phosphate buffer (pH 7.5) overnight at 4˚C. Further purification was conducted by gel filtration on Sephadrose G-25 column to give the HRP-SjAb conjugate.
Fabrication of amperometric immunosensor
The configuration of the immunosensor was similar to the one described elsewhere. 12 The methodology employed in the preparation of silica sol-gel was similar to the one reported by Pankaratov and Lev. 22 Sol-gel was obtained by mixing 0.8 ml of tetramethoxysilane, 0.5 ml of ethanol, 0.5 ml of water and 0.2 ml of 0.01 M HCl.
The mixture was sonicated for approximately 20 min and subsequently stored for 2 days at room temperature. An amount of 0.6 g of sol-gel paste was obtained. For preparation of SjAg-BSA-modified graphite, 5 mg of SjAg and 15 mg of the bovine serum albumin (BSA) were dissolved in 0.5 ml of cold water at 4˚C and mixed with a appropriate amount of 0.9 g of graphite powder. The mixture was left to dry in a desiccator at 4˚C. The SjAg-BSA-modified graphite (0.9 g) and the sol-gel paste (0.6 g) were thoroughly mixed with a weight ratio of 3:2. The paste was squeezed into the PVC tube of 6 mm i.d. to a depth of 1 cm. Inside the tube the mass was in contact with a conducting graphite rod, which was in turn connected with electric wire to complete the measurement circuit. An immunosensor was formed after gelatination and drying for 3 days at 4˚C. When not in use, the immunosensor was stored in a dry state at 4˚C. The configuration of the amperometric immunosensor is illustrated in Fig. 1 .
Renewal of the immunosensor surface
The immunosensor surface could be renewed by turning the nut of the sensor to extrude 0.1 mm-thick outer paste layer and polishing with a piece of alumina paper (0.05 µm) wetted with water to form a smooth, shiny surface. The electrode surface was finally cleaned with double distilled water.
Measurement procedure
Different volumes of SjAb (0.32 mg/ml) were mixed with 100 µl of the solution of HRP-SjAb conjugate (0.125 mg/ml) and enough blocking buffer solution to give a final volume of 1 ml. The immunosensor was immersed in the solution and incubated for 30 min at 27˚C. The immunosenor was rinsed thoroughly with the washing buffer and stored in the blocking buffer prior to the amperometric measurement.
Amperometric measurement was performed in 25 ml of B-R buffer of pH 5.7. A three-electrode system was used with an applied potential of -250 mV (vs. SCE). After the background current was stabilized, the response was subsequently recorded after addition of 20 ml of o-AP-H2O2 solution.
Results and Discussion
Characteristics of immunosensor
The biocomposite formed by a combination of two or more phases of different nature serves not only as a support for the immunologic material but also as a transducer. The use of methacrylate or epoxy for the preparation of biocompositions requires several hours or days of curing at room or higher temperature. This might deactivate the biomaterial and have influence on the performance of the sensor. The preparation of SjAg immunosensor based on silica sol-gel composites was quite simple and its performance characteristics seemed satisfactory. These cyclic voltammetric characteristics indicate that the sol-gel-graphite matrix possesses an excellent electrochemical sensing performance.
In an incubation procedure of competitive binding immunoassay, 12 the SjAb from the analytical sample and the HRP-SjAb added would compete binding on the electrode surface. The amount of HRP-SjAb bound on the electrode surface after incubation would be reversibly proportional to the amount of SjAb in the analytical sample.
Horseradish peroxidase (HRP) is known to catalyze the redox reactions of the following type:
Here, Sub(red) refers to the reduced state of the substrate which is oxidized to Sub(ox) as the catalytic product. The Sub(ox) can be regenerated by reduction at the electrode surface, and the current output is related to the concentration of HRP, which is in turn reversibly related with the amount of SjAb in the analytical sample. The use of o-aminophenol as the substrate of HRP for voltammetric ELISA has been reported. 24 The reaction product of HRP-catalyzed oxidation of o-AP by H2O2 is 3-aminophenophenoxazine. 25 Cyclic voltammetric studies of the substrate o-aminophenol and its catalytic products were performed at a blank sol-gelgraphite electrode. As shown in Fig. 3 , one irreversible reduction peak in the cyclic voltammogram of o-AP appears at the potential of -230 mV and an oxidation peak appears at the potential of 100 mV [ Fig. 3(a) ]. The reduction peak current increases a little in the presence of H2O2 [ Fig. 3(b) ]. The addition of HRP-SjAb (0.2 µg/ml) to the above solutions results in an enhanced reduction peak with a slight shift of the peak potential toward -250 mV. It indicates that a detectable response signal contributed by HRP-SjAb can be obtained [ Fig.  3(c) ]. The response current reduced by catalytic products of o-AP was employed in amperometric measurements.
Non-specific adsorption was investigated by amperometric measurements with electrodes after being incubated. When the sol-gel-graphite blank electrode was conditioned in a blocking buffer containing 0.0125 mg/ml HRP-SjAb conjugate and then switched i nto a solution containing 10 -3 mol/L o-AP and 2 × 10 -3 mol/L H2O2, a current response of 140 nA was recorded at -250 mV. With the introduction of BSA in the electrode composite, the current response reduced to 60 nA. Such results demonstrate that the use of BSA (1%) in the immunosensor composite decreases by 57.2% of current response caused by non-specific binding of HRP-SjAb. The incorporation of BSA in the biocompsite reduces the non-specific binding of HRPSjAb on the immunosensor surface. It seems that BSA can compete with HRP-SjAb to occupy the superfluous sites of the immunosensor.
Optimization of experimental conditions
The experimental parameters of the assay procedure were optimized for the immunosensor. The optimal amount of HRPSjAb in incubation solution was estimated by incubating the immunosensor with increasing amounts of HRP-SjAb. The response increased linearly up to 12.5 µg/ml of HRP-SjAb in solution and then tended to saturate [ Fig. 4(a) ]. This is due to the fact that the number of SjAg epitopes of the immunosensor surface is limited. Consequently, 100 µl of 0.125 mg/ml of HRP-SjAb solution added to 1 ml of final incubation solution was routinely employed for the assay.
The incubation temperature has a strong effect on the response of the prepared immunosensor. Generally, the maximum binding reaction speed between antibody and antigen is obtained between 20˚C and 40˚C.
Different incubation temperatures are reported in the literature, ranging from 25˚C to 37˚C. 24 The response performance of the immunosensor exposed to 0˚C through 40˚C was investigated. It was observed that the current signal increases with the increase of temperature up to 27˚C, and then decreases at higher temperature [ Fig. 4(b) ]. As is well known, an enzyme exhibits its best activity at the temperature range of 20 to 25˚C. A higher temperature would be harmful to its activity. The loss of signal at higher temperature may be attributed to the effect of temperature on the equilibrium constant of the reaction of antigen and antibody, 1 temperature would affect the physical stability of sol-gel, thus leading to an increase in background current and the further deterioration of the sensitivity of the sensor. An incubation temperature of 27˚C was adopted in most experiments. The incubation time affects the sensor response characteristics. When the antibodies in the incubating solution reach the antigen at the surface of the immunosensor, it takes time for the contacting species to form immunocomplexes. The amperometric signal increases with the incubation time rapidly up to 30 min and then the change slows down, which seems to be a consequence of a mass action effect as the concentration of free SjAb decreases [ Fig. 4(c) ]. The response signal tends to be stable after incubating 30 min; this was employed as the optimal incubation time for most experiments. One would expect that most surface-exposed antigens are binding with the antibodies in the incubation solution, forming compact complexes on the surface of the immunosensor.
An additional factor that affected the assay was the incubation solution pH. Figure 4(d) shows the response signal of immunosensor as a function of incubating pH. One can see that the signal increases with the increase of pH up to pH 7.5, and then decreases at higher pH. The reaction of antigens and antibodies takes place smoothly over the range of pH 6.5 to 7.5. Both higher and lower pH would be harmful for the formation of compact complexes on the surface of the immunosensor. Therefore, a pH of 7.5 incubation solution was employed in most experiments.
Measurements with immunosensor
A competitive binding assay was employed to determine SjAb with the proposed immunosensor. Typical calibration data are displayed in Fig. 5 under the optimal experimental conditions. Amperometric responses are observed over the 0.50 -22.0 µg/ml range in connection to a 30 min incubation time. The response decreases linearly with the SjAb concentration up to 18.0 µg/ml, then more slowly, and levels off above 20 µg/ml. A detection limit of 0.32 µg/ml determined as 3 times the standard deviation of the blank noise level could be reached, which is lower than the lowest value of 7.2 µg/ml reported so far with piezoelectric acoustic wave sensor for the determination of SjAb. 4 A series of six repetitive measurements of 1.0 µg/ml of SjAb was used for estimating the precision. This series yielded a mean amperometric response of 611 nA and a relative standard deviation of 4.9% (not shown).
The stability of prepared immunosensor was investigated using different immunosensors from the same batch under dry storage at 4˚C. For the same experimental cycle, the current readings obtained after each new polishing and incubation were very close to each other.
A decrease about 10% of amperometric response was observed after using it for one month, which indicates fair retention of the specific binding ability of antigens and minimal microstructure changes (not shown). The slow decrease of amperometric response seemed to be related to the gradual deactivation of SjAg incorporated sol-gel composition. Calibration with standard samples should be repeated from time to time to guarantee the precision of analytical results. A newly prepared paraffin-graphite-SjAg immunosensor can be used for at least 100 immunoassays. An immunosensor array using multichannel electrochemical instruments may be fabricated to detect batches of samples.
The prepared sensor was employed to determine the infected serum samples of rabbits, which were obtained from Central South University (Changsha, China). The results are shown in Table 1 . The results obtained by the proposed amperometric immunosensor were in good agreement with those obtained by ELISA method. The proposed immunosensor can be used to detect the schistosoma-japonicum antibody in serum samples.
Conclusions
The use of silica sol-gel technology in immunosensor design has been proved successfully to provide a useful sensing device for directly monitoring the concentration of SjAb in serum samples. The amperometric immunosensor prepared is rigid and porous, with a renewable external surface. The low background current and wide working potential range make it feasible to be used in clinical analysis of serum samples for schistosomaisis diagnosis. 
